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A B S T R A C T

Successful navigation of our surroundings is of high environmental relevance and involves processing of the visual
scenery. Scene-processing undergoes a major behavioral improvement during childhood. However, possible
neural changes that underlie this cognitive development in scene perception are understudied in comparison to
other stimulus categories. We used a functional magnetic resonance imaging (fMRI) scene localizer and behav-
ioral recognition and memory tasks in 7-8-year-olds, 11-12-year-olds, and adults to test whether scene-selective
areas—the parahippocampal place area (PPA), the retrosplenial cortex (RSC), and the occipital place area
(OPA)—show a change in volume and selectivity with age, and whether this change is correlated with behavioral
perception and memory performance. We find that children have a smaller PPA and OPA than adults, while the
size of RSC does not differ. Furthermore, selectivity for scenes in the PPA and the OPA, but not in the RSC, in-
creases with age. This increase seems to be driven by both increasing responses to preferred stimuli and
decreasing responses to non-preferred stimuli. Our findings extend previous knowledge about visual cortex
development by unveiling the underlying mechanisms of age-related volume and selectivity increases in the scene
network especially elucidating the poorly understood development of the OPA.
1. Introduction

Having a sense of place becomes environmentally relevant for humans
when their self-guided explorations' range of motion drastically increa-
ses—typically in middle childhood. fMRI studies in adults have identified
a network of three high-level visual cortical areas, which reliably show
higher activation for scenes over other stimulus categories, e.g. objects.
This functionally defined scene network comprises the parahippocampal
place area (PPA, Epstein and Kanwisher, 1998), the retrosplenial cortex
(RSC, O'Craven and Kanwisher, 2000), and the occipital place area (OPA;
also called transverse occipital sulcus, TOS; Dilks et al., 2013; Ganaden
et al., 2013; Grill-Spector, 2003; Hasson et al., 2003). In adults, each
area's response properties and contribution to scene processing have
been extensively elucidated (e.g. Bettencourt and Xu, 2013; Dilks et al.,
2011; Epstein et al., 2007; Epstein et al., 2005).

Despite this plethora of research in adults, developmental studies on
the scene network are scarce. Often, findings come up as a by-product of
face perception research that focuses on the ventral temporal cortex and
frequently uses scenes—and the PPA—as a control condition.
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Accordingly, only few studies have hitherto shed light on the develop-
ment of the PPA in children, only one study has targeted the RSC in
children (Jiang et al., 2014), and to the best of our knowledge no study
has yet investigated the OPA in children. In detail, conflicting findings
are reported for PPA maturation: An age-related increase (between age 7
and adulthood) of PPA volume was found for the left hemisphere
(Golarai et al., 2007), or not at all (Scherf et al., 2007, 2011), whereas an
age-related increase of the PPA's response magnitude to scenes was found
in the right hemisphere (Chai et al., 2010), or not at all (Jiang et al.,
2014). Concerning the RSC, the one developmental study including this
region does not suggest age-related differences in RSC volume or
scene-selectivity in a localizer task (Jiang et al., 2014).

Characterizing the scene network's neural development is important
as it might contribute to the marked behavioral visual scene processing
development observed in late childhood. In comparison to younger
children, older children perform better at scanning the given task-
appropriate and most informative parts of a scene (e.g. Vurpillot,
1968), have a larger field of view for processing scenes (e.g. Mackworth
and Bruner, 1970), are less easily distracted by irrelevant information in
ces, Department of Vision, Visual Impairments & Blindness, Emil-Figge-Str. 50,
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a scene (e.g. Munsinger and Gummerman, 1967), and need less infor-
mation for their inference about the contents of a scene (Day, 1975).
Alongside perception, memory for scenes also improves with age from 6
years to 11 years and even further until adulthood (Dirks and Neisser,
1977; Mandler and Robinson, 1978). In summary, children younger than
10 years show lower behavioral performance in scene processing, while
most 12-year-olds perform as well as adults. One underlying factor for
this notable behavioral development might be the maturation of the vi-
sual cortical scene processing network.

Here, using an fMRI scene localizer, we chart the functional devel-
opment of the known scene network in middle childhood (7–8 years),
late childhood (11–12 years), and adulthood (20–24 years). The objec-
tives of our study are three-fold: First, we aim to examine the develop-
ment of scene network regions PPA, RSC, and OPA in terms of their
detectability, spatial topography, and volume. Second, we aim to inves-
tigate the development of scene network regions in terms of their scene-
selectivity, as well as the underlying mechanism and precise spots of
selectivity changes. Third, using behavioral perception and memory
tasks, we aim to explore whether neural development is associated with
behavioral changes in the scene processing domain.

2. Methods

2.1. Participants

Data of 13 children aged 7–8 (M¼ 7.46, SD¼ 0.52, 6 females;
henceforth: 7-8yo), 13 children aged 11–12 (M¼ 11.23, SD¼ 0.44, 9
females; henceforth: 11-12yo) and 13 adults aged 20–24 (M¼ 20.69,
SD¼ 1.25, 6 females) were analyzed for this study. All participants were
healthy, had normal or corrected-to-normal vision, and had been born at
term. No participant had past or current neurological or psychiatric
conditions, or structural brain abnormalities. The original sample con-
tained three additional 7-8yo and two additional adults that were
excluded in a matching procedure for explained variance by the GLM (see
2.3.3). Children were recruited through flyers and booths at schools,
sport clubs, youth leisure centers, and by direct contact with parents of
former participants. Adults were recruited through flyers at the Ruhr
University Bochum and via social media. Adults received course credit or
30 EUR for their participation; children received small toys and a 15 EUR
voucher for a book or toy store.
Fig. 1. fMRI localizer stimuli design for an A-type run. For each block, one
exemplary stimulus is shown. In the actual experiment, each scene or object was
only presented once, except for 1-back task events. In the rest blocks, however,
all 14 gray rectangles were repeated at a random order in each block (also
including a 1-back-task). For better visibility, stimuli are depicted without the
gray surrounding background of the original experiment.
2.2. Neuroimaging

Magnetic resonance images were acquired at the Ruhr University
Bochum teaching hospital Bergmannsheil on a 3.0T Archieva scanner
(Philips, Amsterdam, The Netherlands) using a 32-channel head coil.
Participants were instructed to lie still and relax. Padding was supplied to
minimize headmovements. To reassure children and parents as well as to
provide the possibility for low-threshold contact, children were accom-
panied by one of the experimenters in the scanner room throughout the
entire procedure. Children who had not participated in an MRI study
before were accustomed to the scanning environment, experimental
procedure, and tasks in a custom-built mock scanner at least one day
prior to scanning. Children with MRI experience in our scanner were
familiarized with the experimental procedure and tasks on the day of
scanning.

First, we obtained a T1-weighted high-resolution anatomical scan of
the whole head (MP-RAGE, TR¼ 8.10 s, TE¼ 3.72 ms, flip angle¼ 8�,
220 slices, FOV¼ 240mm� 240mm, matrix size¼ 240� 240, voxel
size¼ 1mm� 1mm� 1mm). We then obtained functional images in a
scene localizer block design experiment using a blood oxygen level
dependent (BOLD) sensitive T2-weighted sequence across 33 slices
(TR¼ 2000ms, TE¼ 30ms, flip angle¼ 90�, FOV¼ 240mm� 240mm,
matrix size¼ 80� 80, voxel size¼ 3mm� 3mm� 3mm, slice
gap¼ 0.4mm).
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2.2.1. Visual stimuli features and presentation
During fMRI localizer scans, participants viewed color photograph

images of scenes and objects, as well as gray rectangles in the rest con-
dition (Fig. 1). Scenes and objects were downloaded from the internet or
from image databases including the SUN database (Xiao et al., 2010,
2016), the Pasadena Houses 2000 database (Helle and Perona, 2000),
and the BOSS database (Brodeur et al., 2010, 2014). Scene stimuli
included natural and man-made outdoor scenes as well as private and
public indoor scenes. All scenes showed the ground/floor and the sky/-
ceiling and did not contain humans or animals. Objects’ size ranged from
hand-sized objects to larger-than-body objects. Objects were presented
on a background that consisted of randomly assigned scrambled (1-pix-
el-level) versions of the scene stimuli to ensure a comparable average
background luminance and colorfulness for the scene and object cate-
gories. Fourteen gray rectangles in different shades (RGB 45/45/45 to
RGB 240/240/240 in steps of 15) were used for the rest condition to
facilitate a 1-back task not only during scene and object, but also during
rest blocks, ensuring that participants attended to the stimulus display
throughout the entire run.

Stimuli were presented at a size of 440� 330 pixel (~16� � 13� vi-
sual angle) on a gray background (RGB 112/112/112) via a VisuaStim
Digital goggle system (FOV: 30� � 24�, 800� 600 pixel, Resonance
Technology Inc., CA, USA). The experiment was run with MATLAB
(version 2012a, RRID: SCR_001622) and Psychtoolbox extensions
(version 3.0.9, RRID: SCR_002881, Brainard, 1997; Kleiner et al., 2007;
Pelli, 1997) on a Dell Latitude E5540 machine (4 GB RAM, Intel Core
i5-4300U CPU, Dell Technologies Inc., Round Rock, TX, USA) and Win-
dows 7 Professional 32-bit as operating system (Microsoft Corporation,
Redmond, WA, USA).

2.2.2. Localizer design
Participants viewed a total of four 182 s long runs, each comprising

13 blocks (Fig. 1). There were two possible palindromic sequences for
scenes (S), objects (O), and rest blocks with gray rectangles (R). Run
sequence type A was RSORSOROSROSR. In run sequence type B, the
order of scene and object blocks was reversed: ROSROSRSORSOR. Par-
ticipants performed two type A and two type B runs in a pseudo-random
order (S1 Text). One block contained 14 image presentations at 1 Hz for
970ms followed by a 30ms background screen. Scene and object stimuli
were not repeated, except for one random occasion per block (1-back
task). To reduce possible visual fatigue during stimulus presentation, six
images appeared at the center of the screen within each 14-image block
while eight images appeared with an offset of 4 pixels to the right/left/
top/bottom or a combination of those.

2.2.3. Data preprocessing
Preprocessing of fMRI data was performed using BrainVoyager

(Version 20.2 for 64bit Windows, RRID: SCR_013057) and included slice
scan time correction, 3D motion correction, and temporal filtering. For
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the slice scan time correction procedure, we used cubic spline interpo-
lation. For the 3D motion correction, we used a trilinear/sinc interpola-
tion on the whole data set with a maximum of 100 iterations to fit a
volume to the reference volume. As the localizer was split into several
runs, we also performed an intra-session alignment with the volume
following the anatomical scan as a reference. For temporal filtering, a
high-pass filter (GLM-Fourier, 2 sines/cosines) was applied. Preprocessed
functional data of the first runs was co-registered with the anatomical
scans. Previous studies have confirmed the feasibility of using a common
Fig. 2. Inflated cortical surfaces of two exemplary subjects per age group. Individual
runs were thresholded at p(Bonf)¼ 0.000001. Lower positive t-values¼ orange, high
values¼ green. Note that due to the sampling along the white-gray-matter boundary s
smaller or as a set of smaller separate patches on the inflated surface.
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stereotactic space to compare brain structure and activation of young
adults and 7-8-year-old children in fMRI studies (Burgund et al., 2002;
Kang et al., 2003). Thus, Talairach transformation (Talairach and Tour-
noux, 1988) was applied to anatomical images of all age groups
semi-automatically.

2.2.4. Functional region of interest definition
For subject-specific GLM computation in BrainVoyager, separate

predictors were defined for each category and each run, modeling a two-
activation maps for the contrast scenes> objects (whole brain) based on all four
er positive t-values¼ yellow. Lower negative t-values¼ blue, higher negative t-
ome ROIs that form a cohesive cluster in volume space (S1 Figure) can appear as
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Gamma hemodynamic response function. For each subject, all four
localizer runs were used to define functional regions of interest (ROIs)
PPA, RSC, and OPA in each hemisphere based on contiguous voxels
whose contrast of scenes> objects was significant at a p(Bonfer-
roni)¼ 0.000001 threshold (corresponding t-value¼ 7.0; S1 Figure). If
there were two candidate clusters for a ROI in plausible anatomical lo-
cations, the larger one was selected. In two participants (one adult, one
11-12yo), functional clusters of PPA and RSC overlapped in one hemi-
sphere (once left, once right). To define ROIs, these clusters were split
into two at the site of the smallest connection along the z axis between
PPA and RSC. The voxels in the z axis plane of the cut were not included
in either ROI.

Aside from the ROIs under investigation in our study, the employed
scenes> objects contrast revealed additional activation clusters (Fig. 2).
In most subjects we observed relatively higher activation for scenes
versus objects in early visual cortex (EVC) and relatively higher activa-
tion for objects versus scenes in the established object-selective lateral
occipital complex (LOC). In some subjects we observed (mostly small)
activation clusters for both scenes and objects in areas medial and su-
perior to the OPA, on the border of superior occipital cortex and inferior
parietal cortex (Fig. 2, subj012, subj003, subj014, subj015, cf. Nasr et al.,
2011). Further, in a few subjects we observed small activation clusters at
the anterior end of the calcarine sulcus and the parieto-occipital sulcus
that could overlap with the area prostriata—an area that has large,
equally distributed receptive fields and shows a preference for fast visual
motion (Fig. 2, subj015, left hemisphere, Mikellidou et al., 2017).
Although not investigated or discussed any further here, we suggest that
given its characteristics, area prostriata could potentially play a
part—similar to the scene network—in visually guided navigation.

As indicated by the scarce amount of literature on the OPA compared
to the PPA and RSC, the OPA might be more elusive in children than
other scene-selective areas (no investigation in the relevant develop-
mental studies, Golarai et al., 2007; Jiang et al., 2014; Pelphrey et al.,
2009; Scherf et al., 2011; Scherf et al., 2007, despite early discovery;
Grill-Spector, 2003; Hasson et al., 2003). Moreover, we employed a
rather conservative threshold to prevent the PPA and RSC clusters from
extending and overlapping. Consequently, using the same statistical
threshold to detect all scene-selective areas resulted in significantly lower
OPA detection rates and less informative subsequent analyses within the
OPA in our study (see 3.1). To achieve a more accurate characterization
of the OPA's development, we conducted a reanalysis of our data with a
more liberal detection threshold of p(uncorrected)¼ 0.00001 (corre-
sponding t-value¼ 4.5) for the OPA, dubbed OPA-lib. However, as ex-
pected, while the more liberal threshold led to a higher detection rate in
children, it resulted in a large expanse of original OPA activity into
surrounding activations in six adults. In these subjects, four rOPA-lib and
three lOPA-lib clusters included occipital cortex or RSC activation or
spanned both hemispheres and therefore could not be defined as OPA-lib
clusters and were not included in the analysis. Note that the exclusion of
large OPA-lib clusters in adults due to unfeasible delineation reduces the
chance of detecting age-related increases in OPA cluster size.

To analyze brain responses within ROIs, we split our localizer data in
half, using odd runs to functionally define the scene-selective ROIs like
described above, but with a p(Bonferroni)¼ 0.001 threshold (corre-
sponding t-value¼ 6.0). For the OPA-lib reanalysis we used a more lib-
eral detection threshold of p(uncorrected)¼ 0.0001 (corresponding t-
value¼ 4.0). Each subject's activity in even runs was then analyzed
within their individually defined ROIs based on odd run activity
(Kanwisher et al., 1997). We decided to use the first and third run—i.e.
odd runs—to define ROIs to analyze brain responses within ROIs (see
2.2.4) to ensure having at least one run for ROI detection and one run for
selectivity analysis in the case of a child terminating the experiment
early. For details on the distribution of sequence-types A and B (S1 Text)
in odd runs, please refer to S2 Text. In one 11-12yo subject functional
clusters of lPPA and lRSC overlapped but could be split manually. In two
adults the rOPA-lib was not definable due to its overlap with other
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activity clusters and was therefore dropped from the analysis.

2.2.5. Shell and core region of interest definition
To determine which mechanisms contribute to the age-related vol-

ume increase in ROIs, we compared the functional profile of children's
voxels that will most likely become part of children's ROI during matu-
ration with the functional profile of adult's voxels that were most likely
not yet part of adult's ROI when they were still children (cf. Golarai et al.,
2007). Accordingly, we created shell ROIs for children and adults as
follows (see 3.5): Children's odd-run-defined ROIs were individually
dilated in a shape-preserving manner until the mean children's dilated
ROI size was equal to the mean adult's ROI size. Next, we excluded
children's original ROI voxels from the dilated-to-adult-sized ROIs,
leaving shell ROIs of voxels that are adjacent to the children's original
ROIs and extend to the assumed future mature ROI boundary. Adult's
odd-run-defined ROIs were individually shrunk in a shape-preserving
manner until the mean adult's shrunk ROI size was equal to the mean
children's ROI size. A minimum size of one (centroid) voxel was kept for
the rPPA of one adult in which all voxels were excluded during shrinking.
Next, we excluded adult's shrunk-to-child-sized ROIs from adult's original
ROIs, leaving shell ROIs of voxels that are part of adult's original ROI
periphery but exclude an inner core region.

Furthermore, to determine if the functional development is restricted
to areas into which a ROI expands during maturation, we compared the
functional profile of children's ROIs with adult's core ROI regions, i.e.,
voxels that were most likely already part of adult's ROI when they were
still children (see 3.5). Here, we used the shrunken adult ROIs from the
first shell ROI creation step as adult's core ROIs.

2.3. Neuroimaging data quality control

Before running statistical analyses, we ensured similar levels of fMRI
data quantity and quality for children and adults by comparing and, if
necessary, controlling several measures outlined below that could in-
fluence detection power or confound the BOLD signal quality between
age groups (Thomason et al., 2005), despite reports that question an
influence of moderate differences in BOLD signal quality (Golarai et al.,
2007). Further details for each of the following quality control measures
are given in S3 Text and S2 Figure.

2.3.1. Anatomical volume
To control for the possibility that increases in functional cluster vol-

ume were not primarily age-related but driven by an increase in the
underlying anatomical structure volume, we identified anatomical re-
gions that correspond to the functional scene network ROIs and
compared their gray matter volume between age groups (S3 Text, S2
Figure a). Separate univariate ANOVAs for each anatomical region with
between-subject factor age group revealed that none of the anatomical
regions showed an age-related increase in gray matter volume from
childhood to adulthood. Therefore, it is unlikely that possible increases in
functional ROI volumes can be explained by volume increases of the
underlying anatomical structures.

2.3.2. Motion
We controlled for different magnitudes of subject motion between age

groups during functional scans by excluding three runs from two 7-8yo
that contained volume-to-volume motion �3mm (x, y, z) or� 3�

(pitch, roll, yaw) prior to any analyses. However, due to having less data,
these subjects’ detection power was diminished. Consequently, with the
same statistical threshold (see 2.2.4), the probability of detecting a ROI
became smaller, biasing the detection rate results. Even if a ROI was
detected, the ROI would most likely have been smaller, biasing the ROI
volume results. To counter this confirmatory bias regarding our hy-
pothesis of an age-related increase of ROI volume, three runs from two
adults as well as from two 11-12yo were selected at random and dis-
carded, thereby evening out the number of runs in each age group.
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ANOVAs on mean volume-to-volume motion, maximal total motion, and
mean between-run motion indicated that all age groups moved to a
similar extent in the scanner, rendering possible age group differences in
brain activation due to subject motion unlikely (S3 Text, S2 Figure b).

2.3.3. GLM fit
We analyzed the percentage of time course variance that can be

explained by the GLM as a goodness of fit measure of the GLM before
running any localizer-specific analyses (S3 Text, S2 Figure c). As a one-
way ANOVA across all ROIs indicated that 7-8yo, 11-12yo, and adults
differed in the percentage of explained GLM variance, we excluded three
7-8yo children with the lowest and two adults with the highest explained
variance. A re-run of the ANOVA did not detect significant age group
differences anymore. To further compare age groups’ BOLD signal
properties independently of the perceived stimuli, we quantified the
percentage of BOLD signal fluctuations in each ROI and each subject
across all runs. A one-way ANOVA across all ROIs indicated that age
groups did not differ in their BOLD signal fluctuation during rest blocks.
Thus, possible age group differences cannot be attributed to a better GLM
fit or a higher BOLD signal fluctuation during rest blocks in specific age
groups. All analyses reported in this were run without these five subjects.

2.3.4. Attention towards stimuli (1-back task)
To ensure that participants attended to the stimuli during the fMRI

scans, participants performed a 1-back task, in which they had to press a
button if two consecutive stimuli were identical. Accuracy during scene
and object presentation was consistently high for all age groups, indi-
cating that participants of all age groups were highly attentive to the
stimuli. To control for possible differences in attention between stimulus
categories, we conducted a 3� 2 mixed ANOVA with between-subject
predictor age group (7-8yo, 11-12yo, adults), within-subject predictor
stimulus category (scenes, objects) and accuracy as the dependent vari-
able (S3 Text, S2 Figure d). The mixed ANOVA revealed that accuracy
increased with age but did not differ between stimulus categories. Most
importantly, the amount of attention given to the two stimulus categories
increased with age to the same extent.

2.4. Behavioral memory and perception tasks

To explore a possible brain-behavior relationship, participants
completed a memory task and a perceptual discrimination task for the
two stimulus categories scenes and objects on the day of the mock
scanner training (S3 Figure). The order of tested stimulus categories was
randomized. To control for possible differences of developmental tra-
jectories in the two tasks due to the use of different stimuli, participants
saw the same stimuli in the memory and the perceptual discrimination
task. To ensure that memory performance was not affected by prior
encounter with the stimuli, the memory task was always tested before the
perceptual discrimination task. Participants completed a short training
for the memory and perceptual discrimination task with a different
category (animal faces).

2.4.1. Experimental setup
The behavioral experiment was conducted on a 12.5“-screen multi-

touch display touch tablet device (ASUS T300F, Taipeh, Taiwan;
27.6 cm� 15.5 cm screen, ~38� � 22� visual angle, resolution
1366� 768 pixel, Windows 8.1 64-bit operating system) in landscape
orientation and full screen mode. Responses were recorded via
touchscreen, while participants sat in front of the tablet with an
approximate viewing distance of 40 cm.

2.4.2. Stimuli
The stimuli consisted of houses and cars (representative for scenes

and objects) as used in a prior experiment (Weigelt et al., 2014; S3
Figure c). For the memory task, we used ten target-distractor pairs for
houses and ten target-distractor pairs for cars, i.e. 40 stimuli in total. For
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the perceptual discrimination tasks, we used the original target-distractor
pairs to create morphs in steps of 5%. This morphing procedure resulted
in 380 new images (20 target-distractor pairs in 19 steps ranging from 5%
to 95%). All stimuli were grayscale and 430� 280 pixel (~11� � 7� vi-
sual angle).

2.4.3. Memory task
The memory task consisted of an encoding phase and a recognition

phase (S3 Figure a). In the encoding phase, participants viewed and
sorted ten target stimuli according to the number of rooms in the house
(two rooms vs any other number of rooms) or the type of car (hardtop vs
convertible) in a two-alternative forced choice task. The target stimuli
were presented centrally in a field on the screen once the participant
tapped onto the field. Sorting boxes with sketches corresponding the two
alternatives flanked the central target stimulus to the left and right. To
ensure proper encoding, participants viewed the target stimuli for a 3-s
delay and engaged with the target stimuli by dragging and dropping
the target onto one of the sorting boxes. There was no time restriction for
encoding and sorting. The inter-trial-interval was 1 s. In the recognition
phase, participants successively viewed ten stimulus pairs consisting of
the familiar target and a new distractor stimulus of the same category and
same type of car or house presented on each side of the display (S3
Figure a). They were asked to decide which stimuli they recognized from
the learning phase by dragging and dropping a centrally presented candy
to one of the stimuli. There was no time restriction for the recognition
phase, as we focused on the accuracy of responses. We calculated a
recognition memory score for each stimulus category which ranged be-
tween zero and one and indicated the ratio of correctly recognized
stimuli to all (ten) presented stimuli of the encoding phase.

2.4.4. Perceptual discrimination task
This task measured perceptual discrimination threshold for scenes

and objects, i.e. the mean difference between morph image pairs neces-
sary to discriminate them. Each trial consisted of a sample display, in
which a sample stimulus was presented centrally for 1.5 s and a test
display, following immediately, which showed the sample stimulus and
morph distractor stimulus side by side (S3 Figure b). Participants were
asked to drag a centrally presented candy to the sample stimulus as a two-
alternative forced choice match-to-sample task. The sample stimuli were
5% and 95% morph images between the target-distractor pairs from the
memory task. Thus, each memory task target-distractor pair yielded two
sample images. For each sample stimulus, morph distractors were created
in 5% morph steps: 10%–95% for the 5%-sample stimulus and 90%–5%
for the 95%-sample stimulus (S3 Figure b).

Two parallel staircases worked in a one-up-three-down procedure in
steps of 5% to select which percentage of morphing the distractor would
have. One staircase moved upwards, i.e. always using the 95%-sample
stimulus and starting with the 5%-morph as the first distractor. The other
staircase moved downwards, i.e. always using the 5%-sample and start-
ing with the 95%-morph as the first distractor. For each correct answer,
the morph-distractor's similarity towards the sample increased by one
step, i.e. 5%, while an error decreased its similarity by three steps, i.e.
15%. Each staircase ran until a total of eight reversals were detected, with
morph pairs being presented in a randomized order. A reversal was
counted when the participant made an error or when the participant tried
to surpass the minimum of 5% morph distance between target and
morph-distractor. In the latter case, the morph-distractor values did not
change. The first 25% of each staircase were a safe zone, in which errors
did not count as a reversal until the first error outside of this safe zone
was committed. We defined the perceptual discrimination threshold as
the mean morph distance between sample and morph-distractor across
all 16 reversals.

2.5. Experimental design and statistical analysis

Statistical analysis of behavioral and neuroimaging data was
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performed using R (version 3.2.2, RRID: SCR_001905, R Core Team,
2015) in RStudio (version 0.99.491; RRID: SCR_000432). As we
employed a variety of different statistical tests, details for each test are
described in the corresponding methods and results sections for better
comprehensibility.

3. Results

In the present study we used an fMRI scene localizer to determine the
decectibility, volume, location, and degree of scene-selectivity of the
PPA, RSC, and OPA in three age groups. We tested for effects of age across
thirteen 7-8yo, 11-12yo, and adults (20-24yo) to chart the development
of the scene-network from middle childhood to adulthood. Further, to
understand whether changes in volume or scene-selectivity are associ-
ated with behavior, we made use of additional behavioral perception and
memory tasks to explore brain-behavior relationships in our data.
3.1. Detection rate

We examined whether our functional localizer detected ROIs in all
age groups with a similar probability using Fisher's exact test. For the left
and right OPA, as well as for the rPPA, we found an association between
age group and detection frequency of ROIs that was driven by a higher
detection rate in adults compared to 7-8yo and 11-12yo children (lOPA:
7-8yo: 46.15%, 11-12yo: 46.15%, adults: 100.00%, χ2(2)¼ 10.92,
p¼ .004; rOPA: 7-8yo: 53.85%, 11-12yo: 69.23%, adults: 100.00%,
χ2(2)¼ 7.53, p¼ .023, rPPA: 7-8yo: 76.92%, 11-12yo: 100.00%, adults:
100.00%, χ2(2)¼ 6.5, p¼ .039, Fig. 3a, numbers of detected ROIs in top
row). The detection rate for the RSC did not differ in both hemispheres.

Despite the significantly lower detection rate in the rPPA, we judged
the number of observations as high enough for further analyses. In
contrast, due to the considerable differences in detection rates for the
OPA in both hemispheres, we conducted a reanalysis with a more liberal
detection threshold for the OPA, thus called OPA-lib, to achieve com-
parable detection rates for all age groups. After the reanalysis, lOPA-lib
and rOPA-lib were detected equally often in each age group (lOPA-lib:
7-8yo: 84.61%, 11-12yo: 100.00%, adults: 81.82%, χ2(2)¼ 2.45,
p¼ .290; rOPA-lib: 7-8yo: 92.31%, 11-12yo: 92.31%, adults: 81.81%,
χ2(2)¼ 0.88, p¼ .643, Fig. 3b, numbers of detected ROIs in top row).

To sum up, using standard statistical thresholds that prove sensible
for delineating scene-selective ROIs in adults result in an underestima-
tion of OPA presence in children. As we are the first to map the OPA in
children, comparable data on detection rates are not available. However,
our detection rates for both PPA and RSC in children are in line with
previous findings (cf. Golarai et al., 2007; Jiang et al., 2014).
Fig. 3. ROI volume and detection rate based on all four runs. Light gray¼ 7-8-yea
gray¼ adults (n¼ 13). Error bars show 95% confidence intervals of the mean. Numbe
non-detected ROIs was set to 0mm3. (a) ROI definition based on a ROI detection thr
points above 2500mm3 are not displayed (missing: adult lRSC 2935mm3; adult rRSC
variability of RSC volume, please refer to S4 Text. (b) OPA definition with a more lib
(b) differs from (a).
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3.2. Volume

We investigated whether there were age-related changes in the vol-
ume of PPA, RSC, and OPA using univariate ANOVAs with between-
subject factor age group for each functional ROI. In our main analysis,
we assumed that non-detected ROIs would still emerge later in life and
thus included them in the analysis with a ROI size of 0mm3. We found
significant age-related volume increases for the PPA, OPA, and OPA-lib in
both hemispheres, but not for the left or right RSC (Fig. 3a, b, S1 Table).
Planned comparisons using t-tests indicated that these age group differ-
ences were driven by larger ROIs in adults compared to children, while 7-
8yo and 11-12yo children did not differ in their ROI volume (S2 Table).
We replicated this pattern of results in a supplementary analysis that
assumed non-existence of non-detected ROIs with the exception of the
lOPA, which did not exhibit an age-related volume increase (S4 Figure,
S1 Table). Note that none of the anatomical structures underlying the
functional ROIs PPA, RSC, and OPA showed a volumetric increase with
age (see 2.3.1). Thus, it is unlikely that our results are driven by changes
in these underlying anatomical structures.

A separate set of ROIs was defined based on data from odd runs only
(see 2.2.4). These ROIs were used to analyze scene-selectivity data from
even runs to avoid circular analyses (see 3.4). A re-run of the volume
ANOVA with the odd-run-defined ROIs revealed the same pattern of re-
sults as the ANOVA for the ROIs based on all four runs for the PPA and the
RSC as well as a very similar pattern of results for the OPA and OPA-lib
(S5 Figure, S5 Text).

In summary, our data speak in favor of a prolonged volumetric in-
crease of both PPA and OPA, but not RSC, notably beyond 12 years of age
and hence extending the behavioral scene perception development
documented in the literature so far.
3.3. Spatial topography

To assess whether spatial topography of the functional scene network
ROIs differed between age groups, we calculated MANOVAs with x-, y-,
and z Talairach centroid coordinates as dependent variables and age
group as between-subject predictor for each ROI (Table 1). Each indi-
vidual ROI centroid was defined by calculating the mean value for each
axis (x, y, z) across all the ROI's voxels. Using Pillai's trace, we found all
ROIs, except for the lPPA, to be located at similar positions in all age
groups (lPPA MANOVA: V¼ 0.47, F(2,32)¼ 3.15, p¼ .009; post-hoc
univariate lPPA ANOVAs: x: F(2,32)¼ 4.30, p¼ .022, η2 ¼ 0.212; y:
F(2,32)¼ 0.33, p¼ .717, η2 ¼ 0.021, z: F(2,32)¼ 6.21, p¼ .005, η2
¼ 0.280). With increasing age, the lPPA seemed to be located more
medial and more inferior. However, the absolute maximal difference in
r-old children (n¼ 13), medium gray¼ 11-12-year-old children (n¼ 13), dark
rs at the top indicate in how many subjects a given ROI was detected. The size of
eshold of p(Bonferroni)¼ 0.000001. To achieve a better display, individual data
3381mm3; 11-12yo rRSC 4210mm3). For a descriptive explanation of the high
eral ROI detection threshold of p(uncorrected)¼ 0.00001. Note that the scale of
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mean lPPA locations between age groups was very small (3mm). We
inspected every function-to-structure registration—applying manual
correction if necessary—and are therefore confident that this result is not
due to a methodological artifact that affected children or adults in
particular. This finding contrasts reports by Scherf et al. (2011), who
found stable lPPA locations but a slightly (3–4mm) more medial rPPA
location in children. Yet, all other studies that reported ROI locations
across age groups found stable PPA representations across age in both
hemispheres (Golarai et al., 2010, 2017; Pelphrey et al., 2009; Scherf
et al., 2007), and the absolute differences in our and Scherf et al.‘s
study—especially in relation to the large size of the PPA—were rather
small. Thus, the scene-network's topography might be considered rather
stable from middle childhood to adulthood. Regarding adult ROI loca-
tions, our reported coordinates are reconcilable with the literature (for an
overview see Nasr et al., 2011).

Although ROI locations did not differ between age groups, they might
still be more variable in younger age groups compared to adults (for an
analysis of adults see Zhen et al., 2017). Therefore, we examined if the
variability of ROI coordinates differed between age groups by conducting
MANOVAs with the absolute residuals of x-, y-, and z Talairach centroid
coordinates as dependent variables and age group as between-subject
predictor for each ROI. Still, using Pillai's trace, we found differences
in the topographical variability between age groups in the lPPA and the
rPPA only (lPPA MANOVA: V¼ 0.36, F(2,32)¼ 2.28, p¼ .048; post-hoc
univariate lPPA ANOVAs: x: F(2,32)¼ 5.62, p¼ .008, η2 ¼ 0.260; y:
F(2,32)¼ 1.45, p¼ .25, η2 ¼ 0.083, z: F(2,32)¼ 0.88, p¼ .427, η2
¼ 0.052; rPPA MANOVA: V¼ 0.50, F(2,33)¼ 3.52, p¼ .005; post-hoc
univariate rPPA ANOVAs: x: F(2,33)¼ 1.82, p¼ .178, η2 ¼ 0.099; y:
F(2,33)¼ 7.02, p¼ .003, η2 ¼ 0.298, z: F(2,33)¼ 4.37, p¼ .021, η2
¼ 0.209). In the lPPA, topographical variability along the x-axis
decreased with age. In the rPPA, topographical variability along both y-
and z-axis increased from 7-8yo to 11-12yo, only to decrease again until
adulthood (Table 1). However, in general, ROI coordinate variability was
low, i.e. 81.5% or 79.6% of all coordinate SDs (including OPA or
OPA-lib) were �5mm.

In summary, scene-selective ROIs seem to be topographically stable
across age from middle childhood to adulthood, despite possible small
changes in PPA location. Moreover, interindividual centroid coordinate
variability is low.
Table 1
Talairach coordinates of ROI mean center of gravity based on all four localizer
runs.

ROI age group x (SD) y (SD) z (SD)

lPPA 7-8yo �26 (3) �44 (4) �4 (2)
11-12yo �24 (3) �45 (5) �5 (2)
adults �23 (1) �44 (3) �7 (2)

rPPA 7-8yo 23 (4) �42 (2) �5 (2)
11-12yo 22 (4) �42 (6) �7 (4)
adults 24 (2) �42 (3) �8 (2)

lRSC 7-8yo �18 (4) �57 (4) 12 (4)
11-12yo �16 (5) �58 (3) 14 (4)
adults �17 (3) �56 (5) 12 (4)

rRSC 7-8yo 20 (4) �55 (2) 15 (2)
11-12yo 17 (4) �55 (3) 15 (5)
adults 17 (3) �55 (3) 15 (3)

lOPA 7-8yo �30 (10) �76 (7) 23 (12)
11-12yo �34 (5) �80 (3) 23 (6)
adults �29 (5) �78 (3) 21 (8)

rOPA 7-8yo 30 (4) �76 (3) 24 (10)
11-12yo 32 (7) �76 (5) 25 (8)
adults 32 (4) �76 (5) 20 (6)

lOPA-lib 7-8yo �30 (8) �78 (6) 22 (9)
11-12yo �32 (4) �77 (5) 23 (9)
adults �29 (5) �78 (2) 21 (8)

rOPA-lib 7-8yo 33 (6) �75 (3) 23 (8)
11-12yo 32 (7) �75 (5) 26 (8)
adults 32 (4) �74 (4) 20 (6)
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3.4. Scene-selectivity

To address the question whether scene-selectivity within ROIs
changes with age, we split our localizer data in half, using odd runs to
define our ROIs and even runs to assess scene-selectivity (see 2.2.4). We
calculated a scene-selectivity index d’ (Green and Swets, 1988) like in
previous studies (e.g. Afraz et al., 2006; Grill-Spector et al., 2007) as d' ¼

μscenes� μobjectsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2 ðσ2scenesþ σ2objectsÞ

p where μ is the mean and σ is the standard deviation.

ANOVAs for each ROI with between-subject factor age group and
scene-selectivity as the dependent variable revealed significant age-
related increases of scene-selectivity in both hemispheres of OPA and
OPA-lib, as well as in the lPPA (and a non-significant trend in the rPPA),
but not in the RSC (Fig. 4a and b, S3 Table). Planned comparisons using t-
tests revealed that age group differences were driven by higher scene-
selectivity in adults compared to children, with similar scene-
selectivity in 7-8yo and 11-12yo (S4 Table).

To further elucidate these age group effects, we conducted mixed
ANOVAs with between-subject factor age group (7-8yo, 11-12yo, adults)
and within-subject factor stimulus category (scenes, objects) for each
ROI. We observed significant age group� stimulus category interactions
in both hemispheres of OPA and OPA-lib only, indicating an age-related
change in the scene-object brain response difference (Fig. 4c, d, S5
Table). In detail, we observed reduced responses to object representa-
tions with age in OPA and OPA-lib, while the response to scenes seems to
initially dip from 7-8yo to 11-12yo, only to regain previous activation
levels in adult age. However, planned comparisons used to disentangle
the age group� stimulus category interactions were non-sig-
nificant—possibly due to the non-linearity of the response to scenes (S6
Table).

To elucidate and interpret the underpinnings of the main effect of age
for scene-selectivity in the PPA, we conducted planned comparisons on
the percent signal change data. These analyses indicated that while there
were no activation differences between age groups for scene stimuli,
object stimuli activated children's left and right PPA to a higher degree
than adults' (S6 Table).

To sum up, our results argue for an increase in scene-selectivity from
middle childhood until adulthood in both PPA and OPA, but not RSC. Our
analyses indicate that this age-related increase in scene-selectivity might
be driven by reduced responses to objects rather than by increased re-
sponses to scenes.
3.5. Shell and core region of interest analysis

To investigate the developmental pattern of ROIs that showed an
increase in volume and scene selectivity in more depth, we explored the
underlying mechanisms of the volumetric expanse of PPA and OPA-lib
from childhood to adulthood. To this end we defined shell ROIs in chil-
dren and adults from odd runs and analyzed responses to scenes and
objects from even runs. Children's shell ROIs cover the part of the cortex
into which their ROI will most probably expand upon in the future.
Adults' shell ROIs cover the part of the cortex that most probably marks
the latest developmental expansion of their ROIs (cf. Golarai et al., 2007;
see 2.2.5). For this in-depth analysis, we pooled 7-8yo and 11-12yo
together in one age group as they did not differ in their ROI size (see 3.2).

PPA shells and OPA-lib shells revealed overall similar responses in
children and adults (no main effect of age group) and higher response to
scenes than to objects (significant main effect of category) in both
hemispheres. Critically, the scene-object brain response difference
increased from childhood to adulthood in all shell ROIs (significant
age� category interactions; Fig. 5a, S7 Table). Post-hoc t-tests revealed
that, depending on the ROI, both an age-related increase in responses to
scenes as well as an age-related decrease in responses to objects
contributed to the increased scene-object response difference in adults
(S8 Table). These results suggest that with age, voxels immediately



Fig. 4. Scene selectivity and percent signal
change and in scene selective ROIs. ROIs
were defined based on localizer runs 1 and 3
and a ROI detection threshold of p(Bonfer-
roni)¼ 0.001. Scene selectivity and percent
signal change were calculated based on ac-
tivity from localizer runs 2 and 4. Light
gray¼ 7-8-year-old children, medium
gray¼ 11-12-year-old children, dark
gray¼ adults. Error bars show 95% confi-
dence intervals for the mean. sce¼ scenes,
obj¼ objects. For a version of this figure
showing the full range of individual data
points, refer to S6 Figure. (a) Scene selec-
tivity index d’ in scene selective ROIs based
on the % signal change data. (b) Percent
signal change for each stimulus category in
scene selective ROIs. Analysis of OPA scene
selectivity (c) and percent signal change (d)
data in larger OPAs based on a more liberal
ROI detection threshold of
p(uncorrected)¼ 0.0001.
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surrounding immature scene-selective ROIs become both more respon-
sive to preferred stimuli and less responsive to non-preferred stimuli thus
driving the ROI size increase.

Further, we explored if functional development is restricted to the
nascent areas of children's ROIs or if it is also evident in ROI core regions.
Thus, we compared the response to scenes and objects in children's
ROIs—i.e. their most probable future ROI core region—and adult's
shrunken ROIs—i.e. their ROI core region and most probable ROI at
childhood age—in a mixed ANOVA (scenes vs objects and children vs
adults).

The core ROIs analysis revealed equal results to the shell ROI analysis
for the lPPA, lOPA-lib, and rOPA-lib: Overall, responses in children and
adults did not differ (no main effect of age group), responses to scenes
were higher than to objects (significant main effect of category) and the
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scene-object brain response difference increased from childhood to
adulthood (significant age� category interactions; Fig. 5b, S7 Table). In
the rPPA, the same effects were evident except for a trend (p¼ .060)
rather than statistical significance for the age� category interaction.
Again, post-hoc t-tests revealed that both an age-related increase in scene
responsiveness (except for the rPPA) as well as an age-related decrease in
object responsiveness contributed to the increased scene-object response
difference in adults. However, while the post-hoc tests indicated the di-
rection of effects, only the increase of scene responsiveness in rOPA-lib
and the decrease of object responsiveness in rPPA were statistically sig-
nificant (S8 Table). Taken together, these results suggest that the matu-
ration of scene selective ROIs from childhood to adulthood is not limited
to increasing the scene-object response difference in areas surrounding
the children's core ROI, but that the functional profile of the core ROI
Fig. 5. Percent signal change for each stimulus cate-
gory in shell (a) and core (b) regions of scene selective
ROIs. Medium gray¼ children, dark gray¼ adults.
Error bars show 95% confidence intervals for the
mean. sce¼ scenes, obj¼ objects. For a version of this
figure showing the full range of individual data points,
refer to S7 Figure (a) To investigate the response to
scenes and objects in brain regions that are not part of
children's ROIs but will presumably become part of
children's ROIs in the future, we created shell ROIs for
children and adults as follows. We dilated children's
ROIs until they reached adult's size. Next, we excluded
each child's original ROI from the dilated ROIs, leav-
ing shell ROIs of voxels that are adjacent to the child's
original ROI. We shrank adult's ROIs individually until
they reached children's size. Next, we excluded each
adult's shrunk ROI from their original ROI, leaving
shell ROIs of voxels that are part of adult's original
ROIs but exclude an inner core region. (b) To inves-
tigate the response to scenes and objects in core re-
gions of scene selective ROIs, we compared children's
original ROIs with adult's shrunk ROIs from the first
shell ROI creation.
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itself is still evolving.
3.6. Brain behavior relationship

We first analyzed the behavioral memory task and behavioral
perception task for effects of age, category, and age� category in-
teractions in a mixed ANOVA. Then, we explored possible brain behavior
relationships in our data, using Pearson's product-moment correlations.

Analysis of the behavioral memory task and behavioral perception
task revealed that scenes were recognized and distinguished better than
objects (main effect of category; memory: F(1,36)¼ 17.17, p< .001, η2G
¼ 0.133; perception: F(1,36)¼ 32.63, p< .001, η2G ¼ 0.229); that older
participants recognized more stimuli and were better at distinguishing
similar stimuli (main effect of age; memory: F(2,36)¼ 5.84, p¼ .006, η2G
¼ 0.181; perception: F(2,36)¼ 12.58, p< .001, η2G ¼ .320); and that this
age-related increase in performance was similar for both stimulus types
(no age� category interaction; memory: F(2,36)¼ 0.05, p¼ .951, η2G
¼ 0.001; perception: F(2,36)¼ 1.36, p¼ .296, η2G ¼ 0.022; S3 Figure d,
e). Note that low discrimination thresholds correspond to a better
perceptual discrimination.

Next, we examined whether the neural development of the cortical
scene network was associated with behavioral changes in scene percep-
tion or recognition memory for scenes as measured by our tasks. To this
end, we used Pearson's product-moment correlation for ROIs that showed
developmental increases in volume or scene-selectivity.

First, we tested for correlations of ROI volume in both hemispheres of
PPA, OPA, and OPA-lib with recognition memory for scenes, recognition
memory for objects, perception threshold for scenes, and perception
threshold for objects. Consequently, we lowered the significance
threshold to 0.0125 (0.05/4, for four tests). No significant associations
were found between ROI volume and scene or object memory (Fig. 6). At
the same time, ROI volume was correlated with perception threshold for
objects in the same ROIs (rPPA: r(37)¼�0.479, p¼ .0015, lOPA-lib:
r(33)¼�0.471, p¼ .0043, rOPA-lib: r(33)¼�0.524, p¼ .0012., S8
Figure). Likewise, we found higher ROI volume being associated with a
lower scene perception threshold, i.e. a better perceptual discrimination,
in the rOPA-lib (r(33)¼�0.431, p¼ .0098) and non-significant trends in
the rPPA (r(37)¼�0.385, p¼ .0155), and the lOPA-lib (r(33)¼�0.393,
p¼ .0195, S8 Figure).

However, as ROI volume, perception thresholds, and memory were
all influenced by age as shown in the previous analyses, age is likely to
confound these correlations. When we calculated partial correlations of
ROI volume with scene and object perception threshold and memory
with age partialled out to test this assumption, we did not observe sig-
nificant correlations anymore (rage of r: �0.313–0.046, all ps> .0713).

Second, we tested for correlations of scene-selectivity with recogni-
tion memory and perception performance. As scene-selectivity is a dif-
ference measure (see 3.4), we also calculated difference measures for
recognition memory and perception threshold. Because there are no
negative values for recognition memory performance or perception
Fig. 6. Correlation of ROI volume and recognition memory for scenes and objects. Bl
for corresponding category. For a figure depicting the correlation of ROI volume an
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threshold (for details on this potential problem see Grill-Spector et al.,
2007; Simmons et al., 2007) and because calculating standard deviations
from the dichotomous variable memory is unreasonable, we did not, as

before, use d’ for scene-selectivity but difference scoretask ¼
taskscenes�taskobjects
taskscenesþtaskobjects

; where task is either recognition memory or perception

threshold. However, whether or not age was partialled out, we did not
observe any significant (0.05/2¼ 0.025, for two tests) correlations of
scene-selectivity in any hemisphere of PPA, OPA, or OPA-lib with the
recognition memory difference score or the perception threshold differ-
ence score (range of r: �0.189–0.215, all ps> .2921).

All in all and unexpectedly, our data did not provide any indication
for a brain-behavior relationship in terms of an association of ROI volume
or scene-selectivity with our behavioral scene and object perception and
memory task data.

4. Discussion

This study is the first to comprehensively chart the development of all
scene network regions in middle childhood, late childhood, and adult-
hood. Using an fMRI scene localizer, we showed that while the PPA and
RSC are readily detected in children, the OPA can only be reliably
detected in children if more liberal detection thresholds are employed.
We report two key findings: First, we found higher functional cluster
volume and scene-selectivity in adults compared to children in both PPA
and OPA, but not RSC. Second, we revealed that age-related increases in
scene-selectivity in PPA and OPA were driven by higher responses to
scenes and lower responses to objects with age—both in the core and the
periphery of these ROIs.

4.1. Development of volume and selectivity

4.1.1. OPA
So far, no previous studies have mapped the OPA and its development

from childhood to adulthood. Together with our main findings of an age-
related increase in OPA volume and selectivity, the detailed develop-
mental mechanism of an age-related increase of scene responsiveness in
core and nascent OPA regions and a decrease of object responsiveness in
nascent lOPA regions contributes to a more comprehensive character-
ization of the scene network's development from middle childhood to
adulthood. Our data indicate that prolonged functional development of
category-selective areas is a feature evident beyond the commonly
studied boundaries of the ventral temporal cortex. Further, our results
provide an incentive for future works to address the development of
functional properties of the OPA.

As is known hitherto, the OPA not only engages in the recognition of
scene category, but also in processing the current scene's visual features
without embedding the current scene in a broader spatiotemporal
context (Baldassano et al., 2016). The OPA seems to be involved in the
perception of the local elements of a scene (Kamps et al., 2016) and the
detailed spatial layout, extracting navigable space in a scene (Bonner and
ue triangles¼ scenes, dark orange circles¼ objects. Lines¼ linear regression line
d perception threshold, please refer to S8 Figure.
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Epstein, 2017). It has however remained unclear whether the OPA rep-
resents such high-level information itself or whether it passes on
low-level information crucial further along the scene processing stream
(Dilks et al., 2013). Either way, the observed functional maturation of the
OPA might reflect the neural adjustment or consequence to an increased
need or experience in spatial orientation with increasing age.

4.1.2. PPA
Just like in the OPA, our findings of a more scene-selective and

extended PPA activation in adults compared to children argue for a
prolonged functional development of the scene-selective cortex. As the
cytoarchitecture underlying the PPA does not seem to change from
childhood to adulthood and seems unrelated to scene-selectivity (Gomez
et al., 2017), two scenarios are conceivable: Either the functional changes
we observe originate in structural changes that are more sublte than the
structural changes that were measurable by Gomez et al. (2017). Or our
data reflects purely functional changes and thus a differential develop-
ment of structure and function in the PPA. This development might
involve sharpening of neuronal responses tuned to scenes or objects, or a
change in the firing rate of scene- or object-responsive neurons (Grill--
Spector et al., 2008).

Our findings concerning functional PPA development contradict
findings of some earlier studies. However, methodological differences
might explain these diverging results. For instance, Pelphrey et al. (2009)
defined the PPA based on separate group contrasts for children and
adults, rather than based on individual activation maps. In contrast to our
data, the authors report a larger PPA in children than in adults. At the
same time, scene-selectivity differences between children and adults
were not evident in the PPA in their data. These diverging results might
stem from Pelphrey et al.‘s different method of calculating
category-selectivity that was previously identified as potentially prob-
lematic as it “vastly overestimates actual voxel selectivity” (Simmons
et al., 2007). Two studies by Scherf et al. did not find age-related volume
or scene-selectivity increases in the PPA (Scherf et al., 2007, 2011).
However, both studies used movie-vignettes, rather than pictures, in
their localizer. Also, to define scene-selective ROIs, the authors did not
contrast scenes vs objects, but rather scene and navigation stimuli vs.
object and face stimuli. Last, in one of these studies, children's neural
activity was not investigated in individually defined ROIs, but in ROIs
defined based on group activation of adult subjects (Scherf et al., 2007).
We can only speculate about the implications of these methodological
differences. Possibly, the dynamic nature of the movie-vignettes altered
activation more for scenes (Cukur et al., 2016) than for faces or objects. It
is also conceivable that our study elicited systematically different scan-
ning patterns for objects and scenes due to a possibly perceived smaller
extent of objects. If, on top of that, these difference interacted with
participant's age, this could potentially affect response patterns in the
retinotopically organized higher-level visual areas. Scherf et al.‘s
movie-vignettes are more dynamic and engaging stimuli, thus might have
controlled for potential differences in eye-movements and therefore
might explain the diverging results. Another explanation might be the
different contrasts employed by our and Scherf et al.‘s study. Faces elicit
much lower (sometimes negative) responses in the PPA than objects
(Epstein and Kanwisher, 1998). Consequently, the resulting large
face-scene contrasts might have masked volume and selectivity changes
that our more specific object-scene contrast was able to detect. Also,
navigation stimuli might have elicited lower responses in the PPA than
scenes (the specific response to navigation stimuli was not reported by
Scherf et al., but see Epstein et al., 1999). Thus, to speculate, the pooling
of these stimuli might have mitigated the effects that our study identified
as leading to the volumetric expanse of the PPA; namely an increased
scene responsiveness and a decreased object responsiveness in the
nascent PPA.

More similar to our results, Golarai et al. (2007) found larger PPA
volumes in adults compared to children in both hemispheres. Interest-
ingly, the increase was not significant in the rPPA—an asymmetric
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pattern unexpected by the authors. Moreover, as in our study, Golarai
et al. (2007) did not observe age� category interactions in the PPA.

4.1.3. RSC
Concerning the RSC, our finding of constant volume and scene-

selectivity in both hemispheres across age groups agrees with the sin-
gle previous study on RSC development so far (Jiang et al., 2014), sug-
gesting that the RSC matures early, showing adult-like response
properties in 7-8yo already.

4.2. Mechanisms of category-selectivity development

In an advanced analysis, we explored the origins of the increasing
scene-selectivity in PPA and OPA. Our results indicate that increases in
scene-selectivity seem to be driven by both increasing responses to
preferred stimuli and reducing responses to non-preferred stimulus cat-
egories. This finding expands previous knowledge about the origins of
category selectivity for scenes and other visual stimulus categories
(Cantlon et al., 2011; Dehaene-Lambertz et al., 2018; Golarai et al.,
2007).

Concerning scenes, our shell ROI analysis agrees with Golarai et al.‘s
study's report of an age-related increase of responses to scenes and con-
stant responses to objects for the lPPA shell. However, for the rPPA shell,
the present study, but not Golarai et al. (2007), found an age-related
increase of responses to scenes and a decrease of responses to objects.
Thus, results by Golarai et al. propose that lPPA maturation only entails
an increase in the response to scenes in the regions surrounding children's
immature lPPA, ultimately resulting in a volume increase. However, our
data suggests that first, the age-related increase in responses to scenes is
also evident in rPPA development; second, that this effect is accompanied
by a decrease in the response to objects in the rPPA shell; and third, that
functional PPA development is not restricted to the ROI shell, but also
occurs in ROI core regions. Concerning other stimulus categories, evi-
dence on how category-specificity originates or increases appears to be
mixed, too. Both face-selectivity in the right fusiform face area (FFA;
Golarai et al., 2007) and word-selectivity in the visual word form area
(VWFA; Dehaene-Lambertz et al., 2018) appears to increase or originate
by means of increasing responses to their preferred stimulus category
while keeping responses to other categories largely stable. In contrast,
letter-selectivity in the lateral mid-fusiform/inferior temporal gyrus
seemed to increase despite stable responses to letters and with reducing
responses to non-preferred categories (Cantlon et al., 2011).

Taken together, these reports suggest that there is no uniform
mechanism of development for category-selectivity in higher level visual
cortex. Rather, development of each category-selective area might not
only be driven by distinct timelines but also by distinct underlying
mechanisms.

4.3. Differential development within the scene network

Taken together, our findings suggest that while the RSC matures
early, both PPA and OPA mature late. As such, these results provide
further support for the notion that brain regions demonstrating a mutual
category-selectivity do not necessarily possess similar developmental
dynamics towards reaching adult activation expanse or magnitude
(Golarai et al., 2007). What could be the reason for the differential
development of the scene network? Accumulating evidence suggests a
functional division of the scene processing network into two distinct
parts (Baldassano et al., 2016). On the one hand, a visual network
comprising the posterior PPA and the OPA processes the visual features
of the current scene and has strong functional connections to early visual
cortices. On the other hand, a contextual (or memory and navigation)
network, comprising the anterior PPA, the RSC, and the caudal inferior
parietal lobule (cIPL) establishes the connection between the current
visual scene and its broader spatiotemporal context and has strong
functional connections to the hippocampus. Following this two-network
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theory (Baldassano et al., 2016), it seems most plausible that regions
within the same sub-network follow a similar developmental pattern.
This would imply that our scene localizer mapped rather posterior than
anterior parts of the PPA, as PPA and OPA showed almost the same
developmental pattern. Consequently, the visual sub-network would
show a protracted development, while the contextual sub-network,
which subserves even higher-level cognitive processes like memory and
navigation, would show an early maturation. However, future studies
including data from the cIPL and using a data-driven distinction between
anterior and posterior PPA are needed to test these assumptions.

Another possible explanation on the differential development of high-
level visual areas regards holistic processing. Golarai et al. (2007) sug-
gested that the PPA and the FFA develop late because they represent
stimuli in a holistic manner while areas that predominantly use
feature-based processing like the lateral occipital complex might develop
early. Consequently, our finding of a mature RSC at an early age of 7–8
years would imply that the RSC uses feature-based representations.
However, much like the PPA, the functional profile and role of the RSC,
e.g. viewpoint insensitivity (Park and Chun, 2009), and especially
insensitivity against object presence (Harel et al., 2013). provides strong
evidence for holistic representations (for an overview, see Epstein, 2008).
Thus, our data is not reconcilable with the idea of holistic and
feature-based representations driving the rate of development in high
level visual cortex.

4.4. Brain-behavior relationship

Based on behavioral findings showing adult performance in scene
processing, scene memory, and navigation around ages 11–12 (Day,
1975; Dirks and Neisser, 1977; Mackworth and Bruner, 1970; Mandler
and Robinson, 1978; Munsinger and Gummerman, 1967; Vurpillot,
1968), we hypothesized an increase in scene-selective ROI volume and
scene-selectivity from 7-8yo to 11-12yo, but no further development
until adulthood. Yet, in contrast to our expectations, our data did not
follow the developmental pattern proposed in the behavioral literature.
In nearly all our analyses that showed an effect of age group (PPA and
OPA), children aged 7–8 and 11–12 showed similar scores, while age
effects were driven by higher scores in adults. Apparently, functional
maturation of PPA and OPA seems to proceed further and beyond ages
11–12. However, at least for the PPA, there is evidence that functional
maturation does not exceed ages 14–16 (Golarai et al., 2010). These
assumptions are mirrored in our behavioral tablet tasks, which also show
gradually increasing performance with age as well as no adult-like
behavior in 11-12yo.

We expected scene-selective ROI volume and scene-selectivity to be
correlated with memory and particularly perception performance for
scenes. Unexpectedly, no correlations with neural parameters were found
for scene memory or scene perception tasks. Partly, this finding mirrors
mixed findings on an association between scene-recognition memory and
lPPA volume (Golarai et al., 2007, 2010). Possibly, our findings indicate
that changes in other brain regions such as the hippocampus, the visual
cortex, or attention-networks exert a higher influence on the behavioral
maturation of scene perception than expected—at least in the tasks that
we employed. Overall, our results suggest that behavioral proficiency in
scene perception or memory and neural indices of scene processing ca-
pacity do not necessarily mature in unison.

4.5. Future directions

With the present study, we provide novel insights in the development
of a category-selective network of high environmental importance. Yet,
our study did not seek to answer the question whether environmental
changes (such as learning the way to a new school) shape the neural
scene-network development or whether it is this neural development that
drives cognitive and behavioral changes such as better navigation. As
stated in the interactive specialization framework (Johnson, 2011), these
114
two factors might not be mutually exclusive but interdependent.
Although manipulating children's experience with scenes over extended
periods of time is challenging, we provide the basis for direct testing of
the interactive specialization framework with scene stimuli.
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